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AN ANALOG COHREER STUDY OF S-L STABILITY 

By Brent Y. Creer 

A n  analog cmputer  study has been made of severa l   s tab i l i ty  augmen- 
ta t ion  schemes designed to reduce the  objectionablesinertia  coupling 
effects  encountered In ro l l ing  maneuvers with  the F - 1 W  airplane  having 
the  original small ver t i ca l  tail. These augmentere essent ia l ly  I f n i t e d  
t h e   r o l l   r a t e  t o  below the  critical  value  (approximately  equal to the 
yaa or  pitching  frequency of the  nonrollfng  airplane)  or extended the 
c r i t i c a l   r o l l   r a t e ,  and were a ro l l - ra te   l imi te r ,  a s ides l ip  limiter, 
an augmenter employing feedback proportional to the  product of ro l l ing  
velocity and pitching  velocity to remove an i ne r t i a  cross-coupling yawing 
moment ,  and cmbfnations of the roll-rate limiter  with each of the  other 
two. 

The resu l t s  of this   s tudy showed t h a t   s t a b i l i t y  augmentera using 
single  feedback.-quantities reduced the max5rmm m g l e  of a t tack and side- 
slip  excursions  experienced  during a r o l l  maneuver to reasonable  levele, 
but  the  required  servo-control-surface  deflection was so Large as to 
make the i r  use on the example airplane  impractical, provided the  or lgi-  
nal  conventional  control  surfaces were used. However, with  either combi- 
nation of augmenter tee ted ,   th i s   ob jec t im was alleviated  but not ent f re ly  
eliminated. 

The e f fec t  of changes in the initial trim normal load factor was 
small, except when the  angle of a t tack  of the principal axis was large 
and the   c r i t i ca l   ro l l ing   ve loc i ty  was exceeded. Change0 in the flight- 
t e s t  speed and altitude  generally  required changing the feedback  charac- 
t e r i s t i c s  of all the  augmentation systems, except for   the  s idesl ip  limiter, 
where it appears as though a s h g l e  set of servo feedback characterist ics 
would suf f ice   for  a l l  the  speed and alt i tude  conditions  tested.  
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* 
INTRODUCTION 

. 
Some  current  fighter  aircraft  have  experienced  violent  pitching and 

yawing  motions  during  aileron-induced  roll  maneuvers (refs. 1 and 2) . 
The  possibility  of  this  occurrence w a s  predicted by Phillips in refer- 
ence 3,  wherein  he  shows  that,  depending  upon  the  amount of damping 
present in the  longitudinal or directional  oscillatory  mode, a divergent 
yawing and  pitching  motion  cas  occur  during a steady  roll when the ro l l -  
ing frequency  exceeds a critical  value,  pc,  equal  to  the  lower of the 
pitching  and yawing natural  frequencies  of  the  nwol1in.g  airplane. Thus 
two ways  to  reduce the objectionable ya~ng and  pitching  motions accm- 
panying  rolling  maneuvers  are: (1) limiting  the  rolling  velocity below 
pc of the basic  airplane and (2) increasing  the  value of the  critical 
rolling  velocity  by  altering  the  stability  characteristics of the  air- 
plane.  The  purpose of the  present  study  is to investigate  these sug- 
gested  methods  for  reducing  the  undesirable  pitching and yawfng  motions 
of an airplane during roll  maneuvers.  These  methods  were  investigated 
using an electronic analog ccaqputer  wherein  changes in the  airplane  sta- 
bility  characteristics  and  roll-rate  limiting  were  obtained  by  appropri- 
ate  servo  actuation of the  control  surfaces. The airplane  characterietics 
wed in this  study  were  those of the F-1OQA airplane  having  the  original 
small vertical  tail as shown  in  figure 1. 

NOTATION 

. 
B.P. break  point,  radians  per  second  in  the  case of the  roll-rate 

limiter  and  degrees in the case of the  sideslip  limiter 
(See fig. 3. ) . 

b wing span, ft 
- 
C wing mean aerodynamic chord, ft 

rolling-moment  coefficient, rolling  moment 

a% 
czr a (rb/2V) , per radian 
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c, pitching-moment 

4normal-force coefficient, normal force 
ss 

-, per radian a% 
3% 

side-force coefficient, 

-, ac, per radian 

side force 
CLS 

3 
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R.R.L. 

r 

acceleration due to   gravi ty ,   f t /sec 2 

angular momentum of engine rotor,  slug-ft2-rdians/sec, 
posi t ive  for  clockwise rotation 

pressure  altitude, f t  

horizontal  stabilizer  deflection, radians, except as noted 

horizontal   stabil izer servo deflection, radians, except as noted 

mament of i ne r t i a  of -airplane about X axis,  slug-ft2 

product of i ne r t i a  of airplane referred t o  X and Z axes, 
slug-f t2 

moment of i ne r t i a  of airplane  about Y axis, slug-ft2 

mment -of i ne r t i a  of airplane  about Z exis, slug-ft2 

Mach number 

mass of airplane, - slugs 

load factor ,  g 

roll ing  velocity,   raaans/sec 

W 
€5’ 

roll ing  velocity a t  which roll-coupling  instabil i ty i s  
encountered .. . 

natural frequencies of norrolling  airplane 

difference between actual  roll ing  velocity and roll ing  velocity 

BP a t  which break point is set and is defined only i f  I p I > Ip 1 
pitching  velocity,  radians/sec, or dynamic pressure, p V 2 ,  1 

lb/f t2 

rol l - ra te  limiter 

yawing velocity,  radians/sec - 
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wing area, f t2  

s ides l ip  limiter 

t h e ,  sec 

incrementaL time, sec 

true airspeed,  Ft/aec 

airplane weight, lb 

bcdy axes of airplane 

angle of at tack of body axis, radians, except &g noted 

angle of sideslip,  radians,  except 88 noted 

difference between actual sfdeslip and sideslip value at w h i c h  
the break point is set and is defined only if I B I > I pBp I 

increments measured fmm an initial t rh  co&tion, deg 

total aileron deflection, radians, except as noted 

afleron servo deflection, radians, except as noted 

rudder  deflection, raditbns, except RS noted 

rudder servo deflection, radians, except as noted 

angles of yaw, pitch, and roll, respectively 

incremental bask angle, k g  

m88s density of air, slugs/fta 

absolute magnitude of the quantity Am 

derivative with respect  to time 

Subscripts 

break  point (See f ig .  3. )  

body axes of  airplane 

- .  
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. 

The  airplane  equations of motion  and  'Eulerian  angles used in thie 
investigation  are  listed  below  and are written with respect  to  body  axes 
as defined  in  reference 4. The axis system,  with  the  positive  direction 
of forces,  moments, and angles, 88 used in this investigation,  is  shown 
in  figure 2. The assumption of constant  velocity along the  longitudinal 
axis and the  simplifications  made to the  Eulerian  angle  equations were 
not  consfdered  to  affect  seriously  the  results  obtained and were  made 
because of limitations  in the cmputer capacity. The equations as l i s t e d  
contain  the usual  inertia  terms and, in  addition,  the  gyroscopic  maaents 
due to  the  jet  engine.  These  engine term were included,  since  previous 
analog  computer  studies, as w e l l  as the analysis of reference 5 ,  indicated 
these  terms could have an appreciable  influence on the  airplane  motions. 
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Details of Stability  Augmentation System 

7 

The  general  approach  to  the  problem  of  reducing  the  objectionable 
airplane  motions  encountered  during a mlLing maneuver was indicated  in 
the  Introduction. The specific  augmentation schemes which resulted  from 
the  general  approach  and which were  investigated in this report are  noted 
as follm: 

1. A roll-rate  3imiter  (nonlinear  Czp)  to  prevent  the ro l l ing  
frequency  from  attaining  the  critical value. 

2. Reference 3 defines  the  critical  frequency in tern of the 
yawing and pitching natural frequencies of the nonrolling 
airplane a~ 

In view of the  above formulas, a sideslip  limiter (non- 
linear cn ) waa investigated. This augmentation system 
produced,  in a sense, an increase in the  directional  fre- 
quency of the nonrolling airplane, or frm a different 
point of view,  provided a greatly  increased  Cn  past 8 

certain  value of p in order  to  limit  sideslip  excur- 
sions. The nonlinear Cn variation w a s  considered  uith 
the  thought that it  might  be  desirable  to  retain  the  nor- 
m a l  directional s~bility and associated  handling  qualities 
around  zero p. 

P 

B 

B 

3. Inspection  of  the  equation  for  pc shows that an addi- 

tional  way of increasing  the yaw natural  frequency  would 
be  to  decrease  the  inertia t e r m  (Iy - Ix)/Iz. From  the 
airplane  yawing-moment  equation  it can be  seen  that by 
using a rudder  servo  system ~ t h  feedback  proportional 
to pq such as to null the  inertia  coupling  term 
[(I~ - I~)/I~]PQ, an effective  increase in p, , in a 
sense, can be  acccqlished. This stability  augmentation 
system was termed a "pq devtce ." A more  detailed analysis 
defines  more  precisely as 

1 .  

I 
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Hence mother possible  method would be to reduce  the  inertia 
coupling  tern [ (Iz - I ~ )  / ~ ~ ] p r  in the pitching-mment  equa- 
tion. 

4. Combinations  of  method 1 above  with  methods 2 and 3. 

A simplified block diagram shawing  the basic components of the  rudder, 
horizontal  stabilizer,  and  aileron  stability  augmentation systems and  the 
tie-in  with  the  airplane  dynamics is illustrated in figure 3. The  dynamics 
of the  servo  systems  were  held  constant  for  this  inveetlgation and were 
each  represented by a second-order system with a natural  frequency of 5 
cycles per second  and a ARmping  ratio  of 0.40. The generd form of the 
roll-rate  limiter and sideslip  limiter  feedback  characteristics  is sham 
in  figure 3 ,  from  which  can  be  seen  the  definition of roll-rate  limiter 
and  sideslip  limiter  break  point. For this  investigation,  the  transfer 
function  of  the s e n s i n g  devices  which  would  be  used  to  measure p,  q, 8 ,  
etc.,  was taken as  unity. 

Estimation.of  Aerodynamic  Derivatives 

The first  estimates  of  the linear aerodynamic  derivatives  used  in 
this  investigation  were  obtained fram references 6 through 9 and fran 
unpublished  data  obtained from NACA High-speed  Flight  Station.  Certain 
Utional refinements  were  made  to  the  values of the  aerodynamic  deriv- 
atives  for  those  speed  and  altitude  conditions  where  flight  time  histories 
were avaihble of  the  response  of  the F - l W  airplane  to  elevator  or rud- 
der  pulses.  These  changes to the  derivatives  were d e  using the  "cut-and- 
try"  technique  wherein  the  pilot-applled  control-surface  deflections  were 
used as inputs  to  the  computer  aad  the  values of the  derivatives  were 
adjusted  until  the  computed  airplane  rersponse. and flight  time  history  were 
in  satisfactory  agreement.  Figures &(a) and 4(b)  show  comparisons of the 
flight  time  histories  of  the  airplane  with  the analog result for a rudder 
pulse  at M = 0.71, h = 30,700 and M = 0.90, hp = 40,000, respectively. 
Figure  4(c) s h m  sldlar results  for a stabilizer  pulse  at M = 0.9, 
hp = 40,000. 

It  should  be  pointed out that  these flight time  histories  fit into 
the  small  perturbation  category  and  were  fitted  adequately  by  using  linear 
stability  derivatives.  Rawever,  in  order  to  match  the  motions  when  the a 
and p excursions are large, as in a ro l l ing  maneuver  where  Inertial cou- 
pling  divergence  is  encountered,  it  is  necessary  to  introduce  certain 
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nonlinear  stabillty  derivatives.  Figure 5 compares  the  extreme  flight 
maneuver of figure 7, reference I, with  the analog computed  response  using 

in figure 6. The  approxhation  to  the  actual  aerodynamic  derivatives, as 
evidenced by the  match  between  the  fllght and cmputed response, was taken 
to  be  sufficient  for  the  purposes of this  investigation.  It was surmized 
that  the  general form of the nonlinearitfes  would  hold for the  remaining 
test  speed and altitude  conditions;  however,  the  slope of the Czg versus 
angle-of  -attack  curve and the  base  value of the C, curve (fig. 6 )  were 
Modified  to -t;ake account of Mach number effects. The cqlete 0e-f; of aero- 
dynamic  derivatives and mass parameters  used Fn this  investigation  is shown 
in  the  aforementioned  figure and table I. 

C% 
and  Cn  nonlinearities of a fom suggested in reference 8 and sham B 

P 

Method of Analysis 

The airplane-servo  cabination was evaluated on the  basis of its 
response  characteristics in 811 aileron-induced  roll.  Responses  were 
obtained for a range of aileron  deflections up t o  30° for a basic  input 
which  consisted of a ramp of 50° per  second  to  the  desired  deflection 
followed  by a return to  neutral  when the airplane had rolled  to a speci- 
fied  bank  angle. The pilot ?s rudder and elevator were  held constant during 
this  maneuver.  The  input  aileron  deflections  were in a direction to  cause 
negative  rolling  rates, since the a and j3 excursions,  for the exemple 
configuration  studied, w e r e  generally larger  in left r o l l s .  Figure 7 
shows a typical cmputed record on which hag been labeled the quantities 

- 
- used  in  plotting  the  results of this  investigation. 

The  specified  bank  angle through which the  airplane w a s  ro l l ed  and 
the  trim normal load factors f m m  which  the  roll  maneuvers  were  initiated 
for the speed and altitude  conditions  at  which  each  stability  augmentation 
scheme w a s  tested are shown  in the following table: 

t 
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The  bank angle of P O o  w a s  used  for  the Ugh dynamic-pressure  flight 
conditions  in  order  to  allow a larger  build-up  in  the a and B excursiom, 
hence  providing a better  basis on which to canpare  the  various  stability 
augmentation  schemes. 

* 

1 

RESULTS AND DISCUSSION 

The following  discussion of the  effect of the  various  feedback 
quantities  uaed  in  each  augmentation  system on the  airplane's  rolling 
response  applies,  generally,  to all flight  conditions  tested.  However, 
the  results  presented  in  figures 8 through 23 are  specifically  for  the 
case M = 0.7, hp = 32,ooO with an initial  normal  acceleration of lg. 
The  results  for  this  speed  and  altitude  were  presented  not only because 
they  were  qualitatively  typical  but a l s o  became the  unaugaented  airplane 
w a s  unstable, in the  inertia  coupling  sense,  through a rather  large rasge 
of aileron  deflections;  hence any failing  or wedmess of an augmentation 
scheme was accentuated.  For  the  same  reason,  the  results  presented in 
figures 24 through 26, which show the  effect of initiating the r o l l  aaneu- 
ver frm different  trFm normal load  factors, are a lso  taken frm the 
M = 0.7, hp = 32,000 flight  'condition.  The  final part of the  dliscussion 
fs concerned  with  the  effect of speed  and  altitude  changes on the  rolling 
response and associated  system  feedback  characteristics  and  the  supporting 
results  are  presented  in  figures 24, 27, 28, and 29. The data in  these 
figures  are  for an initial normal load factor  of 1, rather  than load fac- 
tors of -I or 2, because the a, B, and servo-control-surface  deflections - 
for  this  case were generally  larger.  The  single  notable  exception w a s  
the M = 0.7, hp - - 32,000 case. - 

Roll-Rate  Limiter 

The effect  of  roll-rate  limiter  gearing and break point on the  air- 
plane  motions  during an aileron-fnduced  roll  maneuver  is  illustrated  in 
figures 8 and 9,  respectively,  for  input  aileron  deflections  between 6' 
and 30°. A cross  plot  at 6a = 30' of the  data  such  as  that  contained in 
these  two  figures  is sham in  figure 10. It can be seen fran this figure 
that  for a given  gearing,  there is a well-defined  best  break  point, in the 
sense  that a and p excursions are maintained  to  relatively small value8 
and  the  required  servo  deflection  is a minimum. As the  break  polnt is 
increased  beyond  this  best  value, a, fit and 8,, increase  rapidly,  with 
the  airplane  motion  finally going divergent  for  break-point  values  in the 
neighborhood of pc, the  critical  rolling  velocity.  This  apparent  insta- 
bility  is  characterized  by  the  airplane  continuing  to r o l l  with  nearly 1 

c o n s k t  rolling  velocity and the a and p excursions  increasing  with 
time,  even  after  the  aileron  input has been  neutralized. The area of this 
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It should  be  pointed  out that the required  aileron servo deflection 
varies with both  break  point and gearing, wfth a minimum value of approx- 
imately 200 being  required f o r  the  subject case. This relatively large 
value of aileron  deflection was required  bemuse the mtnimum ai leron input 
of l 3 O  r e q d r e d   t o  produce pc was so s m a l l  compared t o  the a v a i h b l e  30° 
input  deflection f o r  w h i c h  roll-rate limiting must be  provided. 

In conclusion, it can be seen that for the given flight condition a 
ro l l - ra te  limiter break  point and gearing  could be determined which would 
maintain the u and p excursions experFenced during a r o l l  maneuver t o  a 
reasonable  level. The main drawback of this device i s  that the r o w  
performance may be so severely limited as to make the airplane  unsuitable 
f o r  i t s  intended canbat mission. 

Sideslip L3miter 

The ef fec t  of si&esHp m t e r  feedback variables, namely break  point'. 
and gearing, on the angular excursions i n  a and B and on the required 
rudder servo  deflection i s  shown in   f igurea  Ll., 12, and 13. DE variation 
in the angle af attack and s ides l ip  excursions with change8 i n  the feedback 

increasing the gearing  generally reduces the u and P displacements. 
The variation of rudder servo deflection with gearing and break po in t .  
depended to a l imited extent on the flight  condition and,  hence, fig- 
ures I" through 13 are  not completely  typfcal. However, from a gross 
point of view, the required  rudder servo deflection  generally  increased 
wlth larger  feedback gearings - The variation with break point was some- 
what inconsistent, at l e a s t  over the useful range of break-point  values 
( less  than 5') and depended upon the magnitude of tia. Figure 13 i s  
typical  i n  this last respect. 

- variables w-as as expected, i n  that decreasfng the break point  and/or 

.L 

Frau  figures ll through  13, it can be seen that a break point and 
gearing  could be determined which would prevent roll divergence end +d 
limit the a an& p excursions t o  reasonable vaLues f o r  rol l ing  veloci t ies  
attainable with the ailerons fully deflected. With regard t o  choice of 
break  point  in an operational system, f t  should be noted that even  though 
the zero  break-point case resulted in the best rolling characterist ics,  
break-point values as large as 5O st i l l  resulted in  what  appeara t o  be 
sat isfactory  rol l ing motions; hence the choice of break  point would 
probably  resolve itself on the resulting handlfng q-ties of the air- 
plane. For the subject  case, max-lmurr: rudder servo  deflections of the 

be necessary i n  order t o  obtafn  the  control-surface  effectiveness  required 
to   r ea l i ze  the full benefits  of this type of s t a b i l i t y  augmentation. 

- 

- order of 350 w e r e  necessary, indicating an U-rn-ng ver t i ca l  tail might 
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Figure s 14 

pq Device 

and 15 show the effect of f e  teaback ge 
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l d ~ ,  G3"/m, on t h  
angular excursions i n  a and 0 ,  and on the required  rudder  servo  deflec- 
tions during the previously  described rolling maneuver. It can be seen 
tha t  there is an optimum gearing which served t o  limit a and p excur- 
s ions  to  moderate values for  ai leron  inputs up t o  the 30' maximum. How- 
ever,  for the range of gearings which  would probably be used i n  an opera- 
t ional  system, the required  rudder  servo  deflection was around 35O. Eence, 
as in   the   s ides l ip  limiter case, an all-moving ver t ica l   s tab i l izer  would 
be necessary to   r ea l i ze  the f u l l  benefits of t h i s  type of s t a b i l i t y  augmen- 
tation. I n  v i e w  of the  large  required  control-surface  deflection, a check 
was  made t o  determine the effect  of limiting  the  rudder  servo  deflection 
t o  e o o .  The results were quite  favorable  in that the a and p excursions 
were only 20 percent greater than Fn the corresponding  case where servo 
deflections of 35' were used. 

A cursory  investigation was made t o  determine the effect  of an aug- 
mentation  system q l o y i n g  both pg pr . feedbmk. Use  of pr feed- 
back corresponds to  cancellation of the coupling  term [ (Iz - Ix)/Iy]pr Fn 
the  airplane pitching-moment equation and was  accmplished by  servo  actu- 
ation of the horizontal   stabil izer.  Frm figure 16 it can be seen that 
f o r  the range of i ts /pr  gearings  used (its/pr = +0.065 just  cancels the 
[(Iz - Ix)/Iy]pr term for  constant roll velocity, whereas i ts /pr  = -0.065 
doubles the effect  of this tern) only small gains were made by the addition 
of this feedback  quantity  for this particular  case. It should be pointed 
out that the angular excursions in a,, P ,  and 6,, were largeat  for  the 
case where both  inertia coupling  terms were just canceled (i .e., 
6,,/pq = -0.9, and its/pr = -+0 .~63) .  These results were unexpected i n  
view of the previously  outlined  suppositions. Further Fwestigation showed 
that these unexpected results were caused by the t r w i e n t  motion which 
followed when the input  aileron  deflection was neutralized, and that if 
the  ailerons were held  deflected,  thereby al lowing the afrplane t o   r o l l  
continuously until  steady-state  conditions were attained, the relative 
W n i t u d e s  of the steady-state values of a, 0 ,  e!c., f o r  each of the 
subdect  cases,  confomed with that which was expected. 

. .  
- 

I 

" 
- 

A limited investigation of the above method of using pq and/or pr  
feedback to prevent roll ing divergence was reported in  reference 10. 

Sideslip limiter and r o l l - r a t e   m i t e r . -  The cablned   e f fec t  of - 
sidesl ip  limiter and rol l - ra te  limiter break point on a, P , sasr and E,, 
during a 360° rol l ing maneuver is  shown €n figures 17, 18, and 19. For 
this case,  reducing  sideslip-limfter break point caused  sane reduction Fn 
a, p, and  however, the moat.favorable  effect w a s  the reduction of 

- - 
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6,s , m a x *  
from 5O t o  Oo resulted i n  an approximate  50-percent reduction i n  the 
required  aileron  servo  deflection. Changing the  rol l - ra te  Umiter break 
p o b t  produced results similar t o  those  outlined  for the s ides l ip  limiter 
break-point  case,  except  here the most favorable  effect w&s i n  the reduc- 
t ion  of 8,,,,,. As can be seen frm figures 18 and 19, reducing  the 
ro l l - ra te  limiter break  point from 2.0 t o  1.0 radians per second  caused an 
approximate  55-percent reduction in the  required  rudder  servo  deflection. 

It can be seen that reducing the sideslip-lfmiter break: point 

Roll-rate Limiter and pq device.- A canbination  pq  device  and 
rol l - ra te   Umiter  was investigated  with results similar t o  those of the 
canbination  sideslip limiter and ro l l - ra te  limiter. As can be seen from 
figures 20 and 21, reducing  the  roll-rate Lhutter break  point had some 
ef fec t  on the a and p excursions; however, there was  a ve ry  marked 
reduction on the  required rudder servo  deflection, amounting t o  approxi- 
mately 50-percent, i n  going fran a ro l l - ra te  limiter break  point of 2 
radians per second t o  1 radian per second. The most notable  effect of 
changing the Srs/pq gearing, at least through that range of gearing 
which  would probably be used i n  an operational system, was on the required 
rudder servo  deflection,  figures 22 and 23. From figure 22 it can  be  seen 
that going from a 6,,/pq gearing of -0.90 t o  -0.54 caused a 50-percent 
reduction i n  Ersymax. 

C o m p a r i s o n  of Various Augmentation Schemes 

Standard test cond.itions.- A cangarison of the various augmentation 
systems during  aileron-Fnduced r o l l  maneuvers fnitiated frm a +Ig trim 
condition a t  M = 0.7, hp = 32,OOO is made i n  figure 24. The feedback 
characterist ics far each  augnentation scheme ccpnpared were selected  such 
that the angular excursions i n  a and f3 were limited t o  reasonable  values 
and at  the same time the most economical use was made of the  servo-control- 
surface  deflection. It can be seen that the augmentation schemes employing 
pq  feedback  or  sidealip feedback are generally comparable. The a and p 
excursions are mafntained t o  f a i r l y  law values i n  each  case and the 
required rudder servo  deflection is  nearly the same. In comparing these 
two systems with  the  other stability augmentation schemes, it can be seen 
that perhaps their   b iggest  advantage is that they  place no res t r ic t ion  on 
the  rol l ing rates of the airplane; aa wss pointed  out  previously their 
principal d5sadvantage was the inordinate  servo-control-surface  deflection 
required. The ro l l - ra te  limfter coslpares favorably  with the sidesl ip  la- 
iter or  pq device i n  that feedback characterist ics can be determined 
wbich wfll maintain  the a and excursions t o  a reasonable  level. How- 
ever, as was previously  pointed out,, aileron  servo  deflection is  excessive 
and rest r ic t ions are placed on the  rol l ing performance  of the  airplane. By 
the employment  of feedback quantit ies in cmbination a cc~nprcsnise is  
reached between augmentation systems employing pq or  B feedback  and the 
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roll-rate  limiter system. The  roll-rate  restrictions may be eased, as 
canpared  with  the  roll-rate  limiter  case, and the  required  rudder  servo 
deflection  can  in sme cases  be  reduced as much as 50 percent  while  the 
a end fj excursions are still  maintained  to  reasonable  levels. 

Effect of trim normal load.- The  effect of initiating  the ro l l ing  
maneuver  from a -lg wings-level  trim  condition and frm a 2g coordinated- 
turn trim condition  on  the  augmented  airplane  rolling  response  is illus- 
trated  in  figures 25 and 26, respectively. For the  flight  conditions 
tested  there  were  only  minor  effects on the angular excursions  and  servo- 
control-surface  requirements when the  roll w a s  initiated from -lg as  cam- 
pared  with  the lg case, In the  case of the  una-nted airplane, initi- 
ating  the  aileron  rolls  from a 2g coordinated  turn  causes  addftional 
induced  rolling  mcmnents  which  oppose  those  caused by the  input dleron 
disturbance and, therefore,  larger  input  aileron  &flection is required 
to  produce  the  critical  rolling  velocity. In  addition, when the  divergent 
region  is  entered  the  airplane  motions are much  more  violent.  The  conse- 
quence of the  foregoing waa that, for most  flight  conditions  tested,  the 
available  aileron  deflection  for  the  augmented  airplane  rolling from a 2g 
normal load was  insufficient  to  attain  the  most  critical  roll  velocity 
regions;  hence, the angular excursions in a and a0 well 8.8 the  required 
servo  deflection  did  not  exceed  those of the  corresponding lg cases. Har-  
ever,  there  were  exceptions to this,  notably  the M = 0.7, hp = 32,OOO 
case.  From  figure 26, it  can  be  seen  that  the  augmenters employing pq 
or p feedback  did  not  contain  the  motions as well as in  the lg case, 

Other  test  conditions.- Summary plots for aileron roUs f rcm a lg 
wings-level  trim  condition,  which  compare  the  various  augmentation schemes 
for  the remaining speeds  and  altitudes  tested, are shown  in  figures 27, 28, 
and 29. It  can  be  seen  that  in all cases  feedback  characteristics  could be 
determined  which  would  maintain  the  transverse and normal accelerations  to 
reasonable  values.  Most of the  feedback  characteristics  varied  wfth  flight 
condition;  however,  this is not  surprising  in  view of the  fact  that  the 
critical  rolling  velocity a b 0  varies  with  speed and altitude.  The pq 
feedback  gearing used in  each  case was that  which  would  just  balance out 
the  inertia  term  pq[ (Iy - Ix)/Iz] , i n  the steady-state  sense.  Roll-rate 
limiter  break  point  depended on pc and the  amount of aileron  deflection 
in  excess of that  required  to  produce  the  critical  rolling  velocity. The 
average  value  at  which  the  break  point  was  set  for  the  cases  tested was 
approximately 70 percent of pc. Scene changea  in  the  aileron servo gear- 
ing  with  flight  condition  were  necessary i n  order  to  prevent a high- 
frequency,  closed-loop  instability  associated  with  the  airplane-aileron- 
servo  cambination.  The  approximate  gearing  at  which this instability 
occurred w&8 predicted using a simplified  analysis  wherein  the  afrplane 
is  reduced  to a single-degree-of-freedm  system  in  roll, and the  roll-rate 
limiter  is  reduced  to a linear  gain c-e; that  is,  the  break  point itl 
reduced  to  zero  and  the  gearing  for which the m a l y s i a  i s  to  be  made is 
retained.  Although some changes  in  the  sideslip  limiter  gearing  were made 
with  changes In flight conditions, it appeared  that a single  gearing  and 
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bre&-point  value of -6. Oo per degree and e. 5O, respective-,  would  have 
been  suitable  for all flight  conditions  tested.,  Feedback  characteristics 
for  augmentation schemes employing feedback  quantities in combination 
varied in a manner similar to the single  feedback  cases  discussed  above. 

A n  analog cmputer study  of  the  effects  of  several  stability  augmen- 
tation  schemes designed to  reduce  the  objectionable yawing and  pitching 
motions  encountered  in  rolling  maneuvers wlth the F-1008 airplane  having 
the  original s m a l l  vertical  tail has been  made. F r m  the  results of this 
investigation  the  following  concluding  remarks  can be stated. 

It was  found  that  break-point  and  gearing  values for the  roll-rate 
limiter  could be determined-which would limit  the  angle-of-  attack  and 
sideslip  excursions  to  reasonable vahes; however,  to  achfeve  this  it was 
necessary to restrict  the  rolling  velocity  of  the  airplane  to  appraximately 

percent  of  the  critical value. Break polnt  varied with the  critical 
rolling  velocity,  whereas  saae  decrease in the  aileron  servo  gearing was 
required  for k g e  increases In the dynamic pressure. Aileron servo 
deflection of approximately  two-thirds  of  the  total  available  aileron 
deflection was necessary  in order to  realize  the full benefits of this 
type  of  stability  augment-. 

The  sideslip  limiter  reduced  the magnitudes of of  attack and 
sideslig to  reasonable  levels  for  aileron  inputs  up to the maximum avail- 
able of 30°. In addition,  it  appeased as though a single value  of  break 
point  and  gearing  could  be  used  for all speed  and  altitude  conditions 
tested,  The  disadvantage  of  this system was that  the  required  rudder 
servo deflection was about 35O and could even be @eater under  certain 
flight  condftions when the  roll  maneuver  is  initiated from a 2g norm1 load 
trim  condition.  Since  the maximum available rudder deflection was  e o o ,  
an all-moving  vertical  stabilizer w o u l d  probably be necessary  in  this 
instance to realize  the f u l l  benefits of this  type of augmentation. 

The results  for an augmentation  scheme  using  feedback  to  the rudder 
proportional to the  product of rolling and pitching  velocity,  to  cancel 
out a,n inertia  coupling term (pq[(Iy - Ix)&]) fn the mng-mament equa- 
tion of motion,  were  very similar to  those  for  the  sideslip  limiter. The 
only notable  6ifference w m  that there was an optima gearing which served 
to Umit the  angle-of-attack and sideslip  excursions  to  moderate  values. 
In this  case  the gewing varied  with  speed  and  altitude  and w a s  approxi- 
mately  that  value  which,  for a constant roll ing velocity, would  just 
balance  out the inertia coupling tern. 

The  simultaneous  use  of a sideslip  limiter and roll-rate m t e r  
eased  the  roll-rate  restrictions as compared to those of the  roll-rate 
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limiter  alone, iwd the  required  rudder  servo  deflection,  at  sane  flight 
conditions  tested,  were  reduced as much as 50 percent  canpared to those 
of the  sideslip  limiter  alone.  Feedback  characteristics f o r  awntation 
schemes  employing  combination  feedback  quantities  varied  with  flight con- 
dition  in a manner similar to the single feedback  cases  discussed  above. 

A combination  roll-rate limiter and pq device (an augmentation 
scheme using feedback  proportiond.  to the product of rolling  and  pitching 
velocity) was a l s o  investigated,  with  results  very similar to  the  sideslip 
limiter and roll-rate-limiter  cmbination. 
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' A l l  derivatives m e  with respect to airplane body &xes.  Deriv- 
atives are referred t o  a nominal center-of-gravity poaition 
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Flgure 2.- System of tuea with posieive 
and angles Fndicated 
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t, sec 
( a )  Rudder pulse at M=0.71, h,=30,700. 

Figure 4.- Comparison  of airplane response with analog-computed responee. 
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(b) Rudder pulse at M =0.90, h, 40,000. 

Figure 4 .- Contfnued . 



24 NACA RM A56H30 

6 

0 

-0 
W 

u- 

2 

4 I I 

Flight 
Corn pu ted 

-2  

CJI 
QI 
0-4 I \ .- c c 

-6 
0 I 2 3 4 5 6 7 

t, sec 
(c) Stabilizer pulse at M=0.90, hp= 40,000. 

Figure 4. - Concluded. 
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Figure 5 .- Comparison of f l i gh t  time hietory of reference 1 with analog- 
computed time history; M = 0.70, hp = 30,000. - 

dB-=== 



26 

.-r I t I I I 

t, see 
(b) Flight time  histories of q, r ond p .  
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Figure 5.- Concluded. 
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x C l a h  =l.22/radtan2 , M= 0.90 

do =O.fS do , M=0.?0 

do ~0.313 do , Ms I r  30 

GnBL =-0.20/radion2 

This slope held 
constant for d l  speeds 

-+ 
a,radian 

Figure 6.- Illustration of n o d "  stability  derivative8 used In F-100 
roU-couplfng study. 
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Figure 7.- " p i c a 1  camputed time history illustrating quantities  used in 
plotting r e d t e  of stabi l i ty  augmentation etudy. 
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0 .2 .4 -6 1.0 1.2 1 A 
Roll-rate limiter break point, radians/sec 

Figure 10.- Cross p l o t  showing effect of r o l l - r a t e  limiter break p o h t  
and gearing on the airplane motions during a 360' ro l l ing  maneuver 
in i t ia ted  f r o m  l g  wfngs-level flight wing a constant 5npu-b disturb- 
ance of 30° aileron deflection; M = 0.70, hp = 32,000. 
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- Unaugmented oirplane 
"" B.P = * 5.0, sr / ,  =- 2 

Figure ll.- Effect of sidesl ip  limiter gearing m the airplane motion 
during a 360° rolling maneuver i n i t a t e d  from l g  wings-level flight 
at M = 0.70, hp = 32,000. 
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F igure  12.- Effect of sideslip limiter break point on the amlane- motion 
during a 3600 r0-g meuver  initiated' from Ig wings-.level, flight at 
M = 0.70, h$ = 32,000. 
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Figure 13.- Cross p l o t  showing effect of sideslip limiter break point and 
gearing on the sirplane motion dur ing a 36O0 rolling maneuver initiated 
f r o m  lg whgs-level f l€ght  u s i n g  a constant input disturbance of 22O 
aileron deflection a t  M = 0.70, hp = 32,000. 
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d n a u g m e n t e d  airplane 

- "bination pq and pr device, 8,,/pq=-O.%, i+&= 0.065 
"" pq device, S,/pq=-0.54 

"_ C.ornbination pq and pr device, Srs/pq=-0.54, its/pr=-0.065 
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sa, deg 

F i s r e  16.- Comparison of stability augmentation system employing pq 
feedback  alone with stability augmentation  system employing both 
pq and pr feedback on the  airplane motions d u r i n g  a 360° r o U n  
maneuver fni t ia ted from l g  whgs-level  f l ight at M = 0.70, 
hp = 32,000. 
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-Unaugmented airplane 
"-RRL-B.P=* 1.0,8,,~~0.9,S.SL-B.P=~2.5, 8,,&=-4 
-"RR.L-B.P=* 1.4, So5/p,=0.9,SSL-BP=*25, 8,,/8=-4 
-"-RRL-B.I?='20, 6,/p(=O.S,S.S.L.-RP=*25, 8,,/4=-4 
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Figure 19.- Cross plot- at.' constant &put 'disturbance of 8& = 30°, ehowing 
effect  of roll-ra.te limiter break point on the airplane mqtions during 
a 360° rollhg maneuver initiated from 1@; wings-level flight of an air- 
plane augmented by a comb5nation roll-rate limiter and s idesl ip  limiter 
at M = 0.70, hp = 32,000. 
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Figure 22.- Effect of srs/pq gearing on the airplane motions during a 
360° rol-g maneuver initiated from l g  wings-level flight of an air- 
plane augmented by a combbmtfon roll-rate limiter and pq device at 
M = 0.70, hp = 32,000. 



44 NACA m ~ 5 6 ~ 3 0  

s 
N c 

" g-200 
c m 

5-100- 
% 

_ _  " 

3 "_"" -." 

a 
0 -.2 -4 -6 -B -1.0 -L2 

& s / p q ,  radian/radione/sec' 

effect  of 6,,/pq gearing on the  airplane m o t f a n s  d u r a  a 360° r o l l b g  
maneuver in i t ia ted  from lg wings-level f l i g h t  of an airplane augmented 
by a combination roll-rate IMter and pq device a t  M = 0.70, 
hp = 32,000. 

. . . . . -- - -  - . _" 
. " . 

Figure 23.- Cross plot at constant input disturbance of 8, = 30°, 8howFng - 



NACA RM ~ 5 6 ~ 3 0  45 

20 

IO 

' -20' I I I I I I 
- Unaugmented  airplane 
---- Roll-rate  limiter, B .  t?= *0.7, $,/pr=0.9 
" Sideslip limifer, B.P= f25, SJ,,=-4 
"_ pq device, 6,,/pq=-O.54 

0 

d : 20 
s 

"-" """7 
2 

"-"-:/ 
$ 0  """7 
c- "-Combination roll-rafe and sideslip limiter 

- 

R RL-B.P= +L4, Sas/pr= 0.9, S.S.L~B.P=f25,8~,/a=-4 

"_ - Combination  roll-rate limiter and pq device 
R.RL-RI?=*I.$  sa,/^= 0.9, B,,/pq =-0-54 

g-200 

~ " I O O  
e 
a 

e 
IT 
W 

I 

-8 

0 5 IO 15 20 25 30 
sa, deg L 

Figure 24.- Summary plot showing the effect of various stability augmen- 
t a t ion  schemes on the airplane motion dur5ng a 360' ro l l ing  maneuver 
initiated from lg wfnge-level  flight  at M = 0.70, hp = 32,000. 
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Figure 25.- Summary plo t  showing the  e f fec t  of various stability augmen- 
t a t ion  schemes on the airplane motion during a 360° ro l l lng  maneuver . 

initiated from -1g wings-level f l igh t  a t  M = 0.70, hp = 32,000. 
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Figure 26.- Summary plo t  showfng the ef fec t  of various stability augnen- 
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Figure 27.- Summary p l o t  sh&g the effect of.’various s t a b i l i t y  augmen- 
~~ 

ta t ion schemes on tWairplane motion during a 360’ ro l l ing  maneuver 
initiated from l g  wings-level fl ight at M = 0.90, hp = 40,000. 
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Figure 29.- Summary p l o t  showing the effect d - ~ i o ~ a  stability  auQmen- 
tation schemes on the  airplane motions d u r i n g  a 72O* ro l l i ng  maneuver 
in i t ia ted  from lg wings-level flight at M = 0.9, hp = 5,000. 
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